Abstract Infectious etiologies have been hypothesized for acute leukemias because of their high incidence in early childhood, but have seldom been examined for acute myeloid leukemia (AML). We conducted the first large cohort study to examine perinatal factors including season of birth, a proxy for perinatal infectious exposures, and risk of AML in childhood through young adulthood. A national cohort of 3,569,333 persons without Down syndrome who were born in Sweden in 1973-2008 were followed up for AML incidence through 2010 (maximum age 38 years). There were 315 AML cases in 69.7 million person-years of follow-up. We found a sinusoidal pattern in AML risk by season of birth (P \ 0.001), with peak risk among persons born in winter. Relative to persons born in summer (June-August), incidence rate ratios for AML were 1.72 (95 % CI 1.25-2.38; P = 0.001) for winter (DecemberFebruary), 1.37 (95 % CI 0.99-1.90; P = 0.06) for spring (March-May), and 1.27 (95 % CI 0.90-1.80; P = 0.17) for fall (September-November). Other risk factors for AML included high fetal growth, high gestational age at birth, and low maternal education level. These findings did not vary by sex or age at diagnosis. Sex, birth order, parental age, and parental country of birth were not associated with AML. In this large cohort study, birth in winter was associated with increased risk of AML in childhood through young adulthood, possibly related to immunologic effects of early infectious exposures compared with summer birth. These findings warrant further investigation of the role of seasonally varying perinatal exposures in the etiology of AML.
Introduction
Leukemia is the most common cancer in childhood, accounting for about 30 % of all cancers diagnosed before age 15 years [1] . Although acute lymphoblastic leukemia (ALL) is the most common subtype, acute myeloid leukemia (AML) accounts for 15-20 % of all leukemia in this age range [1] [2] [3] . AML has a bimodal age distribution with a peak in early childhood and again in older adulthood [4] .
Established risk factors for childhood AML, such as in utero ionizing radiation exposure [5] , Down syndrome [6, 7] , and other genetic disorders [8] , account for only a small proportion of cases [4] . The identification of other risk factors has been elusive and limited by small sample sizes. Infectious etiologies have been hypothesized for both ALL and AML [9] because of the high incidence of these cancers in early childhood, coinciding with common early infections and immune system immaturity [10] . This hypothesis has been supported for ALL by some [11] [12] [13] [14] [15] but not all [16] [17] [18] studies reporting associations with season of birth, a proxy for perinatal infectious exposures. However, season of birth has rarely been studied in relation to AML risk, and has never been examined in large population-based cohort studies with the potential to provide more robust and generalizable risk estimates. Such studies may shed light on potential mechanisms for this relatively common and often fatal cancer that still has largely unknown causes.
We conducted the largest population-based cohort study to date to examine perinatal factors including season of birth and risk of AML among *3.5 million individuals born in Sweden during . Detailed information on perinatal factors and AML incidence were obtained from birth and cancer registries that are nearly 100 % complete nationwide. Our aims were to examine whether season of birth and other perinatal factors are associated with AML in childhood through young adulthood in a large national cohort.
Methods

Study population
We identified 3,595,055 individuals in the Swedish Birth Registry who were born from 1973 through 2008. For the primary analyses, we excluded all 2262 (0.06 %) individuals with Down syndrome (a strong established risk factor for AML) [6, 7] , 10,424 (0.3 %) others who had missing information for birth weight, and 7702 (0.2 %) others who had missing information for gestational age at birth. To remove possible coding errors, we also excluded 5334 (0.1 %) individuals who had a reported birth weight more than four standard deviations (SD) above or below the mean birth weight for gestational age and sex based on a Swedish reference growth curve [19] . A total of 3,569,333 individuals (99.3 % of the original cohort) remained for inclusion in these analyses. For a secondary analysis, we included all 2262 (0.06 %) individuals with Down syndrome and made the same other exclusions as above. This study was approved by the Regional Ethics Committee of Lund University in Sweden.
AML ascertainment
The study cohort was followed up for AML incidence from birth through December 31, 2010 (maximum attained age was 38 years). All incident AML cases were identified using the International Classification of Diseases (ICD), revisions 8, 9, and 10, in the Swedish Cancer Registry (code 205.0 in ICD-8 and ICD-9, and code C92.0 in ICD-10), and were verified using morphology codes according to the International Classification of Childhood Cancer, Third Edition [20] . The Swedish Cancer Registry includes all primary incident cancers in Sweden since 1958, with compulsory reporting nationwide. Morphology codes are assigned according to Systemized Nomenclature of Medicine (SNOMED) codes since 1993 and synonymous definitions provided by the World Health Organization prior to this period. Data on cytogenetic subtypes of AML were unavailable.
Perinatal and familial variables
Perinatal and familial characteristics that may be associated with AML were identified from the Swedish Birth Registry and national census data, which were linked using an anonymous personal identification number [21] . The following variables were available for all birth years and were examined as predictors of interest or adjustment variables: sex (male or female); birth year (modeled simultaneously as a continuous variable and a categorical variable by decade to allow for a non-linear effect); season of birth [modeled alternatively as a categorical variable (Dec-Feb, Mar-May, Jun-Aug, Sep-Nov) or a sinusoidal function as described below]; fetal growth [a standardized fetal growth variable defined as the number of standard deviations from the mean birth weight for gestational age and sex based on a Swedish reference growth curve [19] , modeled alternatively as a categorical (\-1; -1 to \1; C1 SD) or continuous variable]; gestational age at birth [based primarily on maternal report of last menstrual period in the 1970s, at which time ultrasound estimation was gradually introduced until it was used exclusively starting in the 1990s; modeled alternatively as a categorical (\37, 37-41, C42 weeks) or continuous variable]; birth weight [modeled alternatively as a categorical (\2500, 2500-3999, C4000 g) or continuous variable]; birth length [crown-heel length in cm, modeled alternatively as a categorical (\48, 48-52, C53 cm) or continuous variable]; multiple birth (singleton vs. twin or higher order); birth order (1, 2, C3); maternal and paternal age at birth (\20, 20-24, 25-29, 30-34, C35 years; examined separately for mothers and fathers); parental country of birth (both parents born in Sweden vs. at least 1 foreign-born; note that other information on ethnicity was unavailable); and maternal and paternal education level [compulsory high school or less (B9 years), practical high school or some theoretical high school (10-11 years), theoretical high school and/or some college (12-14 years), college and/or post-graduate study (C15 years); examined separately for mothers and fathers].
We also examined family history of AML in a parent or sibling (yes or no; identified using the Swedish Cancer Registry from its inception in 1958 through 2010; diagnoses prior to 1958 were unavailable) and multiple birth (singleton vs. twin or higher order), but they were too infrequent among AML cases to obtain stable risk estimates. Only 1 of the 315 AML cases had a first-degree family history of AML (which was in the father), and only 6 AML cases were from twin pregnancies (and for each case the twin sibling did not have AML).
Statistical analysis
Poisson regression with robust standard errors was used to estimate incidence rate ratios (IRRs) and 95 % confidence intervals (CIs) for associations between perinatal or familial variables and AML [22] . Two different adjusted models were used: The first was adjusted for birth year and sex, and the second was further adjusted for other variables that were found to be associated with AML (season of birth, fetal growth, gestational age at birth, and maternal education level). Poisson goodness-of-fit was assessed using deviance and Pearson Chi squared tests, which showed a good fit in all models.
As noted, season of birth was examined alternatively as a categorical variable or a sinusoidal function. In the sinusoidal analysis, date of birth (DOB, coded as an integer from 1 to 365) was modeled as a sinusoidal function in the Poisson regression model, using an iterative method to identify the peak date for AML relative risk and to test for an overall seasonal association, as previously described [23] . In the case of a leap year, February 29 was recoded as calendar day 59 so that the respective year had 365 days. Specifically, the trigonometric term entered into the Poisson model was:
where t max (the peak birthdate for AML risk) was determined iteratively by finding the value from 1 to 365 that maximized the model coefficient [23] . After identifying the peak date in this manner, the 3-month period of maximum risk was identified by centering on this date. An interaction between sex and season of birth in relation to AML risk has been reported previously [11] . We evaluated for interaction between sex and season of birth by examining sex-stratified risk estimates and formally testing for interaction using a likelihood ratio test. Multinomial logistic regression was also used to test for heterogeneity in the association between each risk factor and earlier-onset (age \ 15 years) versus later-onset (age C 15 years) AML. All statistical tests were 2-sided and used an a-level of 0.05. All analyses were conducted using Stata version 13.0 [24] .
Results
Among the 3,569,533 persons in this cohort, 315 AML cases were identified in 69.7 million person-years of follow-up. The mean age at AML diagnosis was 13.7 years (SD 9.7, median 13.3, range 0.1-35.7). Incidence rates by age and sex are presented in Table 1 . Table 2 shows AML incidence rates by season and month of birth. Incidence rates (per million person-years) were highest among persons born in winter (5.8), lowest among those born in summer (3.4), and intermediate among those born in spring (4.6) or fall (4.4) . In the Poisson model, we found a sinusoidal pattern in AML risk by season of birth (P \ 0.001, adjusted for birth year and sex), with peak risk corresponding to a birthdate of January 26, and lowest risk corresponding to a birthdate of July 28. Figure 1 shows the seasonal pattern in AML risk by birthdate from the sinusoidal model. Adjusted for birth year and sex, the IRR for the 3-month peak (Dec 12-Mar 12) relative to the 3-month nadir (Jun 13-Sep 11) was 1.82 (95 % CI 1.33-2.49, P \ 0.001; not shown in the tables).
Associations between other variables and AML risk from childhood through young adulthood are shown in Table 3 . The association between fetal growth and AML appeared U-shaped, with highest risk occurring among persons with fetal growth C1 SD relative to -1 to 1 SD (fully adjusted IRR, 1.49; 95 % CI 1.11-1.98; P = 0.007) ( Table 3 , Adjusted Model 2). High gestational age at birth appeared linearly associated with increased risk of AML (fully adjusted IRR per additional 1 week, 1.11; 95 % CI 1.04-1.19; P = 0.002). Maternal (but not paternal) education level was inversely associated with risk of AML (fully adjusted IRR per each higher category, 0.81; 95 % CI 0.72-0.92; P = 0.001). No associations were found between sex, birth weight, birth length, birth order, maternal or paternal age, or parental country of birth and AML (Table 3) . With the exception of birth year (included to adjust for follow-up time), adjustment for any combination of other variables had minimal effect on the risk estimates.
There was no evidence of statistical or biologically meaningful interaction between sex and season of birth or any other variables in relation to AML risk (P [ 0.05 for each interaction). There also was no evidence of heterogeneity in the associations between any of these variables and AML by age at diagnosis, comparing\15 to C15 years (data not shown).
Down syndrome is already a well-established strong risk factor for AML [6, 7] , and therefore was not a primary focus of this study. In a secondary analysis that included individuals with Down syndrome (n = 2262; 0.06 %), Down syndrome was associated with a [100-fold risk of AML (fully adjusted IRR, 154.6; 95 % CI 100.5-237.9; P \ 0.001; based on 24 persons with Down syndrome who were diagnosed with AML). This association did not vary by sex or any other variables in Table 3 (P [ 0.05 for each interaction).
Discussion
In this large national cohort study, we found that persons who were born in winter had an increased risk of AML in childhood through young adulthood, relative to those born in summer. We also identified other independent risk factors for AML, including high fetal growth, high gestational age at birth, and low maternal education level. Sex, birth order, parental country of birth, and paternal education level were not associated with AML.
Season of birth as a proxy for perinatal infectious exposures has rarely been examined in relation to AML. A UK study of 128 children with AML (ages \15 years) reported a sinusoidal pattern by season of birth for males Fig. 1 Sinusoidal poisson regression results for association between birthdate and acute myeloid leukemia (AML) in childhood through young adulthood, adjusted for birth year and sex (P \ 0.001 for overall seasonal association). Harmonic displacement represents the log rate ratio for a given time point relative to the mean rate over the entire calendar year only (P = 0.04), with peak risk among those with birthdates in September [11] . Another UK study of 463 adolescents and young adults with AML (ages 15-24 years) found no association between season of birth and AML (P = 0.50) [25] . A Swedish case-control study of 74 children with AML and an equal number of matched controls found no association between maternal infection and AML, but statistical power was low and season of birth was not examined [26] . Our study was the first to use a population-based cohort design with the ability to estimate relative risks for AML by season of birth. We found a strong seasonal pattern, irrespective of sex or age at diagnosis, with peak risk corresponding to birthdates in January. We previously reported a similar seasonal pattern in this cohort for non-Hodgkin lymphoma, with peak risk among birthdates in April (P = 0.04), but not for Hodgkin lymphoma [27] .
The observed association between season of birth and AML suggests a possible etiologic role of seasonally varying perinatal exposures such as infections. Leukemogenesis is a multistep process involving susceptibility of a hematopoietic progenitor cell to inductive agents at multiple stages that may begin prenatally [4, 10] . Known risk factors for AML, including genetic disorders [6] [7] [8] , ionizing radiation [5] , benzene exposure [28] , and chemotherapy [29] , account for only a small percentage of cases [4] . Infectious etiologies have been hypothesized because of an incidence peak in early childhood (before a larger peak later in life), coinciding with common early infections and immune system immaturity [9, 10] . Viruses, particularly RNA retroviruses, have been reported to cause leukemia in animal studies by disturbing hematopoetic regulatory mechanisms in genetically susceptible hosts [30] . Associations between certain viruses such as parvovirus B19 and Adjusted for birth year (as noted above), sex, season of birth, fetal growth (categorical), gestational age at birth (continuous), and maternal education. Birth weight and birth length were each examined in separate models as alternatives to the standardized fetal growth variable. The reference category for all variables is indicated by an IRR of 1.00. Missing data were excluded for trend tests CI confidence interval; IRR incidence rate ratio acute leukemias in humans have also been suggested [31] but not confirmed [9] . Most studies to date have been limited by small sample sizes. The present study's findings warrant further investigation in other large cohorts to elucidate the role of perinatal infectious exposures in the etiology of AML. Other seasonally varying environmental exposures such as pesticides also cannot be excluded as possible contributors. We also found that high fetal growth and high gestational age at birth (but not birth weight and birth length) appeared independently associated with AML. Most previous studies have focused on birth weight without examining its specific components-fetal growth and gestational age. The largest meta-analysis to date included a total of 1832 AML cases from 7 case-control and 2 cohort studies and reported an increased risk of AML for both low birth weight (odds ratio, 1.50; 95 % CI 1.05-2.13) and high birth weight (odds ratio, 1.24; 95 % CI 1.16-1.33) that were variably defined [32] . A large case-control study reported a similar U-shaped relationship between birth weight and risk of childhood AML in the UK, and risk of AML among older (5-14 years) but not younger (\5 years) children in the US [33] . In the present study, we also found a possible U-shaped relationship between fetal growth and AML risk, with highest risk occurring among those with high rather than low fetal growth. High fetal growth also has been associated with other hematologic cancers in this cohort, including Hodgkin lymphoma [34] and non-Hodgkin lymphoma [35] . Our findings extend those of previous studies [32, 36] by suggesting that high fetal growth is associated with increased risk of AML independently of gestational age, and not only with early-onset but also lateonset disease into young adulthood. The underlying mechanisms may involve growth factors including insulinlike growth factor 1 and 2, which are highly correlated with birth weight and have been shown to inhibit cellular apoptosis and promote tumor growth [37] . High levels of these growth factors may augment fetal sensitivity to carcinogenic exposures by increasing cell division and growth rates, or prevent apoptosis in cell populations that have already begun leukemic transformation [32, 38] . In addition, we found that high gestational age at birth appeared independently and linearly associated with increased risk of AML. The few previous studies that specifically examined gestational age at birth reported no association with AML, but were based on case-control data with small sample sizes [7, [39] [40] [41] [42] . This relationship warrants confirmation in other large cohort studies.
Maternal education level was inversely associated with risk of AML in this cohort, in contrast to smaller case-control studies that reported no association [41, 43, 44] . This finding will need confirmation in other population-based studies and identification of pertinent environmental exposures that may be related to maternal education. Also in contrast to some [39, 41, 45] but not all [7, 43, [46] [47] [48] studies, we found no link between advanced maternal age and AML.
Important strengths of this study are its national population-based cohort design, large sample size providing excellent statistical power, and lengthy follow-up with the ability to examine disease risk from birth into young adulthood. This study design enabled risk estimation for an entire national population, which can yield more robust and generalizable inferences than those based on a selected sample. Linkage of birth and cancer registries provided detailed information on perinatal factors and AML diagnoses that was nearly 100 % complete nationwide [49, 50] . The use of registry-based data prevented bias that may potentially result from self-reporting.
Limitations included insufficient subtype information to enable subtype-specific analyses. Family history of AML was examined but was too infrequent among AML cases to obtain meaningful risk estimates. Although we used season of birth as a proxy for early infectious exposures, we were unable to directly assess specific infections, infectious exposures later in life, or other seasonally varying exposures such as pesticides that may potentially influence disease risk. Information on other environmental exposures such as radiation and smoking was also unavailable. Additional cohort studies with more specific information on seasonally varying environmental exposures in the perinatal period and beyond will be needed to examine more complex pathways and other age windows of susceptibility.
In summary, this large national cohort study found that birth in winter, high fetal growth, high gestational age at birth, and low maternal education level were associated with increased risk of AML in childhood though young adulthood among persons born in Sweden during . The association with winter birth suggests that seasonally varying perinatal exposures such as infections may play an important role in the etiology of AML. Additional studies with more detailed information on infections and other seasonally varying environmental exposures are warranted to further delineate the specific risk factors and mechanisms.
